In recent years, more and more expressways pass through the abandoned coal mine, while the surface residual subsidence of the abandoned coal mine threatens the operation safety of the expressway. It is of significance to evaluate the stability of the construction site and take reasonable managements for effectively guaranteeing the traffic safety. How to accurately evaluate the stability of the construction site is the primary problem. This study proposes a stability evaluation model using the overlay and index method and points out that the evaluation scores and weights of evaluation indices are key parameters to determine the reliability of evaluation results. To reasonably determine the evaluation score, the scoring criteria of qualitative indices is obtained by the equidistant method, while the scoring criteria of quantitative indices is obtained by establishing scoring functions. The weights of evaluation indices are got by adopting the FAHP (fuzzy analytic hierarchy process). Then the built model is applied to evaluate the stability of the Wuyun Expressway construction site, and the results show that the Wuyun Expressway construction site is basic stable. Finally, the sensitivity of indices weights on the evaluation result is analyzed with the maximum C k (C m , pc) of 5.9% far lower than the weight change of ±30%, and the average residual subsidence velocity of the maximum subsidence point is 0.0456 mm/d using a high-resolution leveling, proving the credibility of the proposed model. Research results provide new ideas and systematic technical references for the stability evaluation of the construction site above an abandoned coal mine. underground mining. Under this background, a lot of coal mines are abandoned, which encroach on a large amount of land resources. Giving to the abandoned land a new use is of vital significance to promote the sustainable development of mining cities.
Introduction
Coal is a double-edged sword with both advantages and disadvantages. It promotes economic development and social progress, while causing serious damages to the ecological environment. Scientific mining is put forward in order to realize the harmonious coexistence of resource development and ecological protection. The essence of scientific mining is to eliminate backward production capacity and develop advanced capacity [1] [2] [3] . Eliminating backward production capacity can optimize energy structure and promote low-carbon intensive development. According to incomplete statistics, China has closed 7100 coal mines and eliminated the backward production capacity of about 550 million t/a in the past five years. China is expected to close 12,000 coal mines by 2020, and most of them are
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Influence Factors
The stability of the expressway construction site above an abandoned coal mine is closely related to many factors, such as mining thickness, geological structure, loose layer thickness and other In the study area, the surface is of a gentle slope shape without runoff. The basic outline of the geological structure inclines to the southeast. The monoclinic structure is formed to the northeast. The average inclination is 130 • , and the average angle is 15 • . The Quaternary Pleistocene alluvial strata are mainly in the shallow ground with the thickness between 80 m and 300 m. They mainly consist of silty clay, silt and cobble layer mixed with silt and silty clay. The Permian strata are mainly in the deep formation, and they are made of mudstone, sandstone, coal seam and sandy mudstone.
The stability of the expressway construction site above an abandoned coal mine is closely related to many factors, such as mining thickness, geological structure, loose layer thickness and other factors, Sustainability 2019, 11, 5163 4 of 19 which is an extremely complex and vague systems engineering [4, 16, 17] . Based on the existing research results, nine independent influence factors were selected.
(1) Rock mass structure. It is made up of the structural plane and structural body. It is the most fundamental factor that reflects the integrity of the rock structure. Generally, if the structure of the rock mass is relatively complete with small changes and weak joint fissure development, the abandoned coal mine has good stability. That is, the construction site is stable. Otherwise, it is unstable. (2) Fractured rock strength. The fractured rock mass is compacted under external loads, causing residual subsidence. When the external load is constant, the strength of the fractured rock mass is lower, along with weaker resistance to deformation, larger compressible deformation space and bigger potential residual subsidence. At this point, the stability of the construction site is low. Otherwise, the stability is high. (3) (3) Hydrological characteristic. Under the long-term immersion of mine water, the shear strength of rock mass will be reduced due to the lubrication effect of mine water, and the rock mass is softening, which will reduce its bearing capacity. In addition, the dissolution and corrosion of rock mass caused by mine water can increase the void and permeability of rock mass, destroying the rock mass integrity. Therefore, the larger the mine water in the abandoned coal mine, the lower the stability of the construction site is. (4) Loose layer thickness. The overlying loose layers can absorb uneven deformation, making the surface residual subsidence gently. The bedrock direct exposure to the surface will increase the surface residual subsidence, and decreasing the stability. (5) Depth-thickness ratio (H/M). It refers to the ratio of the burial depth to mining thickness of the coal seam. When the ratio is smaller, the external load disturbance can affect the water-flowing fractured zone. Then the compression of cavity and voids among the fractured rock mass forms the active space, and leads to surface residual subsidence. As the ratio increasing, the thickness of the bend zone increases, which can decrease the residual subsidence effectively. That is, the construction site is stable. Otherwise, it is unstable. (6) Abandoned time. The longer the abandoned time, the smaller the surface residual subsidence is and the more stable the construction site is. (7) Repeated mining. Under repeated mining, the damage range and failure degree of overburden are larger. Then the construction site is unstable with the stress concentration occurring in surrounding rocks. (8) Mining degree. The mining degree coefficient n is often used to measure the mining degree of the working face along the strike and the inclination, as expressed in formula 1. There are huge differences in stability with different mining degrees. Under full mining of the working face both along the strike and the inclination, the overburden failure is sufficient. The occurred subsidence is relatively large, and the potential residual subsidence in the future is relatively small. At this point, the construction site is stable. Under insufficiency mining, there are a large number of voids and cavities in the abandoned coal mine, and the potential residual subsidence in the future is relatively large. At this point, the stability of the construction site is relatively poor. In the case of utmost non-full mining, the overburden is damaged in a small range or not damaged, so the overburden is basically complete. Under this condition, the safe operation of the planned expressway almost unaffected with the abandoned coal mine. Accordingly, the stability is not linear related to the mining degree, while changing from high-low-high.
where D is the length of the working face advance. H is the average depth.
Sustainability 2019, 11, 5163 5 of 19 (9) Earthquakes and other vibrations. Affected by the earthquake or other vibrations, the mining secondary equilibrium structure loses stability. New structure is formed, causing a residual deformation in the process. Therefore, when the abandoned coal mine is in the earthquake-prone or other vibration-prone areas, the stability is low.
Stability Evaluation Model

Model Establishing
The stability evaluation model was established using the overlay and index method. Firstly, the scoring criteria for evaluation indices were determined. Secondly, the indices were scored according to the geological and mining conditions. Then the comprehensive score was obtained by weight overlay. Finally, based on the corresponding relation between comprehensive score and stability level, the stability was obtained. Taking the aforementioned nine factors as evaluation indices, this paper divided them into geology and hydrology, mining and vibration. Figure 2 shows the evaluation model.
where α i , β j and γ z are the weights of geologic and hydrological evaluation indices, mining evaluation indices and vibration evaluation indices, respectively, and the sum of weights is 1 [18, 19] ; C i , W j and Z z are the scores (ranging from 1 to 10) of geologic and hydrological evaluation indices, mining evaluation indices and vibration evaluation indices, respectively; R is the comprehensive score. 
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where i α , j β and z γ are the weights of geologic and hydrological evaluation indices, mining evaluation indices and vibration evaluation indices, respectively, and the sum of weights is 1 [18, 19] ; Ci, Wj and Zz are the scores (ranging from 1 to 10) of geologic and hydrological evaluation indices, mining evaluation indices and vibration evaluation indices, respectively; R is the comprehensive score.
As can be seen from formula (2), the accuracy degree of the model's evaluation results mainly depended on the scores and weights of the evaluation indices. 
Score of the Evaluation Indices
The lower the score, the higher the construction stability is. The evaluation score can be obtained by referring to their scoring criteria. Therefore, scientific and reasonable scoring criteria were the As can be seen from formula (2) , the accuracy degree of the model's evaluation results mainly depended on the scores and weights of the evaluation indices. 
The lower the score, the higher the construction stability is. The evaluation score can be obtained by referring to their scoring criteria. Therefore, scientific and reasonable scoring criteria were the cornerstone during the whole evaluation process. Considering that there are both quantitative and qualitative indices in the nine evaluation indices mentioned above, the scoring criteria of qualitative indices could be obtained by the equidistant method, while the scoring criteria of quantitative indices could be obtained by establishing scoring functions.
It should be noted that the more stable the construction site is, the smaller the surface residual subsidence is. According to the relationships among the stability of construction site, surface residual subsidence and evaluation score, it can be known that residual subsidence and the evaluation score are positively correlated. It can be concluded that the maximum evaluation score corresponds to the maximum residual subsidence, whereas the minimum evaluation score corresponds to the minimum residual subsidence. Then the equivalent relationship between residual subsidence and the evaluation score is shown in formula (3). In the process of establishing scoring functions, this equivalent relationship may be considered.
where W max is the maximum residual subsidence, W min is the minimum residual subsidence, V max is the maximum evaluation score and V min is the minimum evaluation score.
(1) Scoring criterion for the rock mass structure. The types of rock mass structure in an abandoned coal mine have four situations. (a) The lithology is simply composed of extra-thick sedimentary rocks, metamorphic rocks, volcanic lava and igneous intrusive rocks. There are no more than three groups of structural planes with poor ductility. (b) There are two or three groups of structural planes, which are mainly layer planes. Sometimes, there are soft rock strata or interlayer staggered planes with superior ductility. (c) The rock mass is seriously cut of structural fractures. There are lots of small structural planes with poor ductility. (d) The lithology is complex. Lots of structural planes intersect each other. There are irregular weathering zones and fracture zones. Situation (a) is stable, while situation (d) is unstable. Then the rock mass structure in situations of (a), (b), (c) and (d) are scored using the equidistant method, as shown in Table 2 . Table 2 . Relationship between the rock mass structure and evaluation score.
Situations of Abandoned Coal Mine (a) (b) (c) (d)
Evaluation score 1 4 7 10
(2) Scoring criterion for fractured rock strength. Through 20 groups of similarity tests of fractured rock, the stress-strain relationship of the fractured rock is expressed in formula (4) [20, 21] .
where σ is the axial stress; ε is the axial strain; σ c is the fractured rock strength and ε m is the maximum strain of fractured rock, which can be calculated by formula (5) . where M is the mining height; h m is height of the caving zone; q is the subsidence coefficient ranging from 0.2 to 1.0, and its empirical value can refer to the promulgated regulations (Ministry of Land and Resources of the People's Republic of China 2000) [22] and α is the average angle of the coal seam. By substituting formula (5) into formula (4), formula (6) is obtained, as follows:
Assuming the surface residual subsidence is only caused by the compaction of voids inside the fractured rock, then the residual subsidence Wr can be calculated by formula (7) .
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Based on formula (7), four different working conditions were designed. The relationship between residual subsidence and fractured rock strength was obtained, as shown in Figure 3 . In all the four working conditions, the residual subsidence reduced to 1/2 when the strength was about 40 MPa. It reduced to 1/3 when the strength was about 70 MPa. It reduced to 1/4 when the strength was about 100 MPa. It reduced to 1/5 when the strength was about 130 MPa. It indicates that the residual subsidence decreasing rate was consistent with the fractured rock strength increasing rate. Considering the equivalent relationship of formula (3), the relationship between fractured rock strength and the evaluation score was obtained based on the experimental results, as shown in Figure 4 .
As illustrated in Figure 4 , a rational function was used to fit the relationship between the fractured rock strength and evaluation score, and the determination coefficient R 2 was 0.9998. The fitting formula is expressed in formula (8) , which can be adopted as the scoring function for fractured rock strength. By substituting formula (5) into formula (4), formula (6) is obtained, as follows:
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Based on formula (7), four different working conditions were designed. The relationship between residual subsidence and fractured rock strength was obtained, as shown in Figure 3 . In all the four working conditions, the residual subsidence reduced to 1/2 when the strength was about 40 MPa. It reduced to 1/3 when the strength was about 70 MPa. It reduced to 1/4 when the strength was about 100 MPa. It reduced to 1/5 when the strength was about 130 MPa. It indicates that the residual subsidence decreasing rate was consistent with the fractured rock strength increasing rate. Considering the equivalent relationship of formula (3), the relationship between fractured rock strength and the evaluation score was obtained based on the experimental results, as shown in Figure  4 . As illustrated in Figure 4 , a rational function was used to fit the relationship between the fractured rock strength and evaluation score, and the determination coefficient R 2 was 0.9998. The fitting formula is expressed in formula (8), which can be adopted as the scoring function for fractured rock strength. Table 3 . Table 3 . Relationship between the hydrological characteristic and evaluation score.
(4) Scoring criterion for loose layer thickness. Generally, the soil-rock ratio s is used to reflect the loose layer thickness, which is calculated by formula (9) . By establishing four numerical models, the maximum surface residual subsidence was analyzed under different soil-rock ratios using the UDEC (Universal Distinct Element Code). The Mohr-Coulomb failure criterion was selected to describe the failure process of the rock mass. The mechanical parameters are shown in Table 4 . It should be noted that the mechanical parameters of fractured rock mass are usually 1/5-1/3 of the initial parameters [23] . Table 3 . Table 3 . Relationship between the hydrological characteristic and evaluation score.
(4) Scoring criterion for loose layer thickness. Generally, the soil-rock ratio s is used to reflect the loose layer thickness, which is calculated by formula (9) . By establishing four numerical models, the maximum surface residual subsidence was analyzed under different soil-rock ratios using the UDEC (Universal Distinct Element Code). The Mohr-Coulomb failure criterion was selected to describe the failure process of the rock mass. The mechanical parameters are shown in Table 4 . It should be noted that the mechanical parameters of fractured rock mass are usually 1/5-1/3 of the initial parameters [23] . Table 4 . Mechanical parameters of coal and rock mass.
No.
Name By analyzing the numerical simulation results, the maximum residual subsidence values with different soil-rock ratios were obtained in Figure 5 . Considering the equivalent relationship of formula (3) , the relationship between the soil-rock ratio and evaluation score was obtained based on the experimental results, as shown in Figure 5 . As illustrated in Figure 5 , the maximum residual subsidence gradually decreased with the soil-rock ratio increasing. An exponential decay function was used to fit the relationship between soil-rock ratio and evaluation score, and the determination coefficient R 2 was 0.9932. The fitting formula is expressed in formula (10) , which can be adopted as the scoring function for the soil-rock ratio (loose layer thickness).
where s is the soil-rock ratio, h s is the loose layer thickness and h j is the bed rock thickness. By analyzing the numerical simulation results, the maximum residual subsidence values with different soil-rock ratios were obtained in Figure 5 . Considering the equivalent relationship of formula (3), the relationship between the soil-rock ratio and evaluation score was obtained based on the experimental results, as shown in Figure 5 . As illustrated in Figure 5 , the maximum residual subsidence gradually decreased with the soil-rock ratio increasing. An exponential decay function was used to fit the relationship between soil-rock ratio and evaluation score, and the determination coefficient R 2 was 0.9932. The fitting formula is expressed in formula (10) , which can be adopted as the scoring function for the soil-rock ratio (loose layer thickness).
where s is the soil-rock ratio, hs is the loose layer thickness and hj is the bed rock thickness. (10) Figure 5 . The relationship between the evaluation score and soil-rock ratio.
(5) Scoring criterion for the depth-thickness ratio. By establishing four numerical models, the residual subsidence was analyzed under different depth-thickness ratios. The mechanical parameters of rock mass are shown in Table 4 . By analyzing the numerical simulation results, the maximum residual subsidence of four different depth-thickness ratios was obtained in Figure 6 . As illustrated in Figure 6 , the maximum residual subsidence gradually decreased with the depth-thickness ratio increasing. When the depth-thickness ratio reached 70, the maximum residual subsidence was less than 10 mm, and the construction site was very stable at this time. Therefore, the evaluation score was set to 1 with the depth-thickness ratio of 70. When the depth-thickness ratio was 0, the maximum residual subsidence was extremely large, and the evaluation score was set to 10 with the depth-thickness ratio of 0. Considering the equivalent relationship of formula (3), the relationship between the depth-thickness ratio and evaluation score was obtained based on the experimental results in Figure 6 . When the depth-thickness ratio was between 0-70, a linear function was used to fit the relationship between the depth-thickness ratio and evaluation score, and the determination coefficient R 2 was 0.9979. The fitting formula is expressed in formula (11) , which can be adopted as the scoring function for the depth-thickness ratio. (5) Scoring criterion for the depth-thickness ratio. By establishing four numerical models, the residual subsidence was analyzed under different depth-thickness ratios. The mechanical parameters of rock mass are shown in Table 4 . By analyzing the numerical simulation results, the maximum residual subsidence of four different depth-thickness ratios was obtained in Figure 6 . As illustrated in Figure 6 , the maximum residual subsidence gradually decreased with the depth-thickness ratio increasing. When the depth-thickness ratio reached 70, the maximum residual subsidence was less than 10 mm, and the construction site was very stable at this time. Therefore, the evaluation score was set to 1 with the depth-thickness ratio of 70. When the depth-thickness ratio was 0, the maximum residual subsidence was extremely large, and the evaluation score was set to 10 with the depth-thickness ratio of 0. Considering the equivalent relationship of formula (3), the relationship between the depth-thickness ratio and evaluation score was obtained based on the experimental results in Figure 6 . When the depth-thickness ratio was between 0-70, a linear function was used to fit the relationship between the depth-thickness ratio and evaluation score, and the determination coefficient R 2 was 0.9979. The fitting formula is expressed in formula (11) , which can be adopted as the scoring function for the depth-thickness ratio.
10 / 0 0.1286( / ) 10 0 / 70 1 / 70 Figure 6 . The relationship between the evaluation score and depth-thickness ratio.
(6) Scoring criterion for abandoned time.
According to the measured data in the Xuzhou mining area [8] , the relationship between the residual subsidence coefficient q' and abandoned time is shown in Table 5 . The maximum residual subsidence can be calculated using formula (12) . When the abandoned time is more than 20 years, the construction site is very stable with no residual subsidence occurring, and the evaluation score can be set to 1. When the abandoned time is 1 year or less, the residual subsidence is extremely large, and the evaluation score can be set to 10. Considering the equivalent relationship of formula (3), the evaluation scores with different abandoned time are shown in Table 5 . An exponential decay function was used to fit the relationship between the abandoned time and evaluation score, as shown in Figure  7 , and the determination coefficient R 2 was 0.9801. The fitting formula is expressed in formula (13), which can be adopted as the scoring function for abandoned time. 
where a is the abandoned time. Figure 6 . The relationship between the evaluation score and depth-thickness ratio.
According to the measured data in the Xuzhou mining area [8] , the relationship between the residual subsidence coefficient q' and abandoned time is shown in Table 5 . The maximum residual subsidence can be calculated using formula (12) . When the abandoned time is more than 20 years, the construction site is very stable with no residual subsidence occurring, and the evaluation score can be set to 1. When the abandoned time is 1 year or less, the residual subsidence is extremely large, and the evaluation score can be set to 10. Considering the equivalent relationship of formula (3), the evaluation scores with different abandoned time are shown in Table 5 . An exponential decay function was used to fit the relationship between the abandoned time and evaluation score, as shown in Figure 7 , and the determination coefficient R 2 was 0.9801. The fitting formula is expressed in formula (13) , which can be adopted as the scoring function for abandoned time.
where a is the abandoned time. Figure 7 . The relationship between the evaluation score and abandoned time. (7) Scoring criterion for the mining degree. By establishing seven numerical models, the surface residual subsidence was analyzed under different mining degrees. The mechanical parameters of rock mass are shown in Table 4 . By analyzing the numerical simulation results, the maximum residual subsidence of seven different mining degrees was obtained in Figure 8 . As illustrated in Figure 8 , as the mining degree increased, the By establishing seven numerical models, the surface residual subsidence was analyzed under different mining degrees. The mechanical parameters of rock mass are shown in Table 4 . By analyzing the numerical simulation results, the maximum residual subsidence of seven different mining degrees was obtained in Figure 8 . As illustrated in Figure 8 , as the mining degree increased, the maximum residual subsidence firstly shows an increasing and then a decreasing trend. Considering the equivalent relationship of formula (3), the relationship between the mining degree and evaluation score was obtained in Figure 8 . A modified Gaussian function was used to fit this relationship, and the determination coefficient R 2 was 0.9639. The fitting formula is expressed in formula (14) , which can be adopted as the scoring function for mining degree. Figure 7 . The relationship between the evaluation score and abandoned time. (7) Scoring criterion for the mining degree. By establishing seven numerical models, the surface residual subsidence was analyzed under different mining degrees. The mechanical parameters of rock mass are shown in Table 4 . By analyzing the numerical simulation results, the maximum residual subsidence of seven different mining degrees was obtained in Figure 8 . As illustrated in Figure 8 , as the mining degree increased, the maximum residual subsidence firstly shows an increasing and then a decreasing trend. Considering the equivalent relationship of formula (3) , the relationship between the mining degree and evaluation score was obtained in Figure 8 . A modified Gaussian function was used to fit this relationship, and the determination coefficient R 2 was 0.9639. The fitting formula is expressed in formula (14) , which can be adopted as the scoring function for mining degree. Table 6 . Table 6 . Relationship between the repeated mining situations and evaluation score.
Situations of Abandoned Goaf Caused by Repeated Mining (a) (b) (c) (d)
Evaluation score 1 4 7 10 (9) Scoring criterion for an earthquake and other vibrations. When the earthquake magnitude is no more than 1, the earthquake almost has no effect on the abandoned coal mine. When the magnitude is more than 4.5, it is extremely dangerous for the expressway passing through the abandoned coal mine [24] . Thus magnitude 1 and 4.5 of earthquakes are regarded as the threshold values. When the magnitude is less than 1, the score can be set to 1. When the magnitude is more than 4.5, the score can be set to 10. When the magnitude is more than 1 but less than 4.5, it is assumed that the evaluation score varies linearly from 1 to 10. Thus, the relation between the earthquake magnitude and the evaluation score was obtained, as expressed in formula (15) , which can be adopted as the scoring function for earthquake and other vibrations.
where M s is the magnitude.
Weight of the Index
The FAHP (fuzzy analytic hierarchy process) was adopted to determine the weights of the indices, which can solve the difference of consistency between the judgment matrix and expert experience in the AHP (analytic hierarchy process), improving the reliability of weight determination [25] . The fuzzy complementary judgment matrix A is expressed in formula (16) .
where the element a ij in this matrix indicates the importance of the index a i relative to the index a j . Its value can be referred to Table 7 , a ii is 0.5, a ij + a ji = 1, i, j = 1,2, . . . , n and n = 9. The fuzzy complementary judgment matrix A was constructed by inviting five experts who were familiar with mining subsidence in China. They were from China University of Mining and Technology, China University of Mining and Technology (Beijing), Chang An University, Anhui University and Anhui University of Science and Technology. Integrating the results of these five experts, the final fuzzy complementary judgment matrix A is shown below The characteristic matrix W * of fuzzy judgment matrix A can be represented by formula (17) .
where w ij = w i w i +w j and w i is the weight of index a i , which is calculated by formula (18) .
According to formula (17), the characteristic matrix W * of fuzzy judgment matrix A is shown below 
The compatibility index of A and W * can be determined using formula (19) . The calculated result shows that the fuzzy complementary judgment matrix A does not meet the consistency requirement with the obtained compatibility index I(A, W * ) of 0.259 > 0.200 (higher-order matrix) [26, 27] , and the indices weights are not scientific and reasonable.
In order to meet the consistency requirement, it is necessary to adjust the fuzzy complementary judgment matrix A to the fuzzy consistent matrix R by formula (20) .
where r ij = r i −r j 2(n−1) + 0.5 and r i = n j=1 a ij . According to formula (20) , the fuzzy consistent matrix R is shown below: 
Then the characteristic matrix W * R of fuzzy consistent matrix R is shown below using formula (17) . 
That is, the fuzzy consistent matrix R can meet the consistency requirement, and the indices weights are scientific and reasonable. According to formula (18) , the weights of evaluation indices W 1 , W 2 , W 3 , W 4 , W 5 , W 6 , W 7 , W 8 and W 9 are 0.104, 0.108, 0.095, 0.114, 0.124, 0.130, 0.112, 0.119 and 0.093, respectively.
Stability Level Classification
The stability level is divided into stable, basic stable, unstable and instability. According to formula (2), the comprehensive evaluation score R is randomly distributed from 1 to 10, and the relationship between comprehensive evaluation score R and stability level is obtained using the equidistant method, as shown in Table 8 . 
Results and Discussion
Stability Evaluation of the Wuyun Expressway Construction Site
On the basis of the previous research results, the scoring criteria and weights of nine evaluation indices were obtained, as shown in Table 9 . According to the geological and mining conditions of investigated area, the rock mass under Wuyun expressway was relatively complete. The basic structure was a monoclinal structure striking SE in the zone. There were a small number of faults under K30 + 520-K29 + 650 and K29 + 520-K29 + 650. The water seepage was small around the abandoned coal mine. The soil-rock ratio s (loose layer thickness) was 2.8. The average depth-thickness ratio was more than 100. The earthquake magnitude was about 5.5. Referring to the indices scoring criteria, the evaluation scores of indices for the Wuyun expressway construction site are shown in Table 9 . Earthquakes and other vibrations (a 9 ) 0.093
Ms ≥ 4.5
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The comprehensive assessment score R of the Wuyun expressway was 3.5516 by substituting scores and weights into formula (2) . According to Table 8 , the stability level of the Wuyun expressway is basic stable. This evaluation result is consistent with the earlier result, which it got using the fuzzy theory [28] . A simple anti-deformation design can ensure safe operation. Therefore, it is proposed to apply geogrids in subgrade to improve its anti-deformation ability and avoid potential threats.
Sensitivity Analysis of Indices Weights
It should be pointed out the fuzzy complementary judgment matrix A mainly relies on expert experience. The weight determination process does not completely exclude the subjective influence, and the evaluation result cannot be considered as the unique value. In order to prove the evaluation result, the OAT (one at a time) is adopted to analyze the influence of weight uncertainty on the result [29, 30] . The process of OAT is as follows:
(1) Defining the RPC (range of percent change). RPC is a finite set of discrete percentage changes with original basic data. The RPC was set to ±30% in this work. (2) Defining the IPC (increment of percent change). IPC is the percentage of weight change in the range of RPC. The IPC was set to ±4% in this work. (3) Changing evaluation indices weights using formula (21) and (22) .
where pc is weight changing percentage of the weight change, which is an integer multiple of IPC; W(C m , pc) is the weight of primary index after change; W(C m , 0) is the initial weight of primary index; W(C i , pc) is the weight of some other index after change and W(C i , 0) is the initial weight of some other index. (4) Calculating the comprehensive score R(C m , pc) after weights change.
(5) Calculating the comprehensive score change rate using formula (23) .
where C k (C m , pc) is the comprehensive score change rate. (6) Repeating steps (3)-(5) until each evaluation index is rotating as the primary factor. According to the above steps, a total of 135 groups of weights are generated, and the comprehensive scores calculated by 135 groups of weights are shown in Figure 9 .
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where pc is weight changing percentage of the weight change, which is an integer multiple of IPC; ( , ) (5) Calculating the comprehensive score change rate using formula (23) .
where ( , )
k m C C pc is the comprehensive score change rate.
(6) Repeating steps (3)-(5) until each evaluation index is rotating as the primary factor.
According to the above steps, a total of 135 groups of weights are generated, and the comprehensive scores calculated by 135 groups of weights are shown in Figure 9 . As illustrated in Figure 9 , the comprehensive score change rate was a centrosymmetric distribution with the weight change rate of 0%, and increased with weight change rate increasing. The sensitivity of the evaluation index weight to the result was positively correlated with the slope. The greater the slope, the higher sensitivity was. Therefore, the sensitivity of evaluation index (a8) to weight change was the highest in all nine evaluation indices, while the sensitivity of the evaluation index (a5) to weight change was the lowest. Taking the evaluation index (a8) as an example, the ( , )
k m C C pc was 5.9%, which was far lower than the weight change of ±30%, indicating that the evaluation result in this paper was stable and reliable. In conclusion, the determined weights were As illustrated in Figure 9 , the comprehensive score change rate was a centrosymmetric distribution with the weight change rate of 0%, and increased with weight change rate increasing. The sensitivity of the evaluation index weight to the result was positively correlated with the slope. The greater the slope, the higher sensitivity was. Therefore, the sensitivity of evaluation index (a 8 ) to weight change was the highest in all nine evaluation indices, while the sensitivity of the evaluation index (a 5 ) to weight change was the lowest. Taking the evaluation index (a 8 ) as an example, the C k (C m , pc) was 5.9%, which was far lower than the weight change of ±30%, indicating that the evaluation result in this paper was stable and reliable. In conclusion, the determined weights were reliable and effective, which could be used to evaluate the stability of the construction site correctly and objectively.
Subsidence Monitoring of the Construction Site
To analyze the reliability of the proposed evaluation model, a high-resolution leveling was carried out in the field measurement from 20 September 2016 to 10 December 2018 to obtain the subgrade subsidence. The measurement result is shown in Figure 10 . As illustrated in Figure 10 , the subsidence increased firstly, and then tended to be stable. After 14 October 2017, the subsidence reached its maximum value basically, and the maximum subsidence was about 37 mm. The average residual subsidence velocity of the maximum subsidence point was about 0.0456 mm/day. Therefore, it could be concluded that the construction site was basically stable, proving the credibility of evaluation result indirectly.
subgrade subsidence. The measurement result is shown in Figure 10 . As illustrated in Figure 10 , the subsidence increased firstly, and then tended to be stable. After 14 October 2017, the subsidence reached its maximum value basically, and the maximum subsidence was about 37 mm. The average residual subsidence velocity of the maximum subsidence point was about 0.0456 mm/day. Therefore, it could be concluded that the construction site was basically stable, proving the credibility of evaluation result indirectly. 
Conclusions
The stability evaluation model for the expressway construction site above an abandoned coal mine was established based on the overlay and index method. This proposed model was efficient and practical, which could obtain the evaluation result by simple linear superposition, but the reliability of the evaluation result mainly depends on the weights and scores of indices. In this paper, the weights of all indices were obtained using FAHP, and the sensitivity of indices weights on the evaluation result was analyzed, indicating the determined weights were reliable and effective. The scoring criteria of qualitative indices were obtained by the equidistant method such as the rock mass structure (a1), hydrological characteristic (a3) and repeated mining (a8). The scoring criteria of quantitative indices were obtained by scoring functions considering the equivalent relationship between residual subsidence and evaluation score, such as fractured rock strength (a2), loose layer thickness (a4), the depth-thickness ratio (a5), abandoned time (a6), mining degree (a7) and earthquake and other vibrations (a9). The weights and scoring criteria obtained in this paper would provide a reference for the future research of similar projects. Applying the proposed model to the Wuyun expressway construction site, the evaluation result shows that the investigated area was basic stable. Field measurement shows that the maximum subsidence was 37 mm in more than 2 years, and the average residual subsidence velocity was about 0.0456 mm/d, proving the credibility of the evaluation result indirectly.
It should be noted that the proposed evaluation model was only suitable for the abandoned coal mine caused by longwall mining, and the selected indices and their weights and scoring criteria were not suitable for strip mining and filling mining. In a future study, the proposed evaluation model 
The stability evaluation model for the expressway construction site above an abandoned coal mine was established based on the overlay and index method. This proposed model was efficient and practical, which could obtain the evaluation result by simple linear superposition, but the reliability of the evaluation result mainly depends on the weights and scores of indices. In this paper, the weights of all indices were obtained using FAHP, and the sensitivity of indices weights on the evaluation result was analyzed, indicating the determined weights were reliable and effective. The scoring criteria of qualitative indices were obtained by the equidistant method such as the rock mass structure (a 1 ), hydrological characteristic (a 3 ) and repeated mining (a 8 ). The scoring criteria of quantitative indices were obtained by scoring functions considering the equivalent relationship between residual subsidence and evaluation score, such as fractured rock strength (a 2 ), loose layer thickness (a 4 ), the depth-thickness ratio (a 5 ), abandoned time (a 6 ), mining degree (a 7 ) and earthquake and other vibrations (a 9 ). The weights and scoring criteria obtained in this paper would provide a reference for the future research of similar projects. Applying the proposed model to the Wuyun expressway construction site, the evaluation result shows that the investigated area was basic stable. Field measurement shows that the maximum subsidence was 37 mm in more than 2 years, and the average residual subsidence velocity was about 0.0456 mm/d, proving the credibility of the evaluation result indirectly.
It should be noted that the proposed evaluation model was only suitable for the abandoned coal mine caused by longwall mining, and the selected indices and their weights and scoring criteria were not suitable for strip mining and filling mining. In a future study, the proposed evaluation model should be established by analyzing the characteristics of overburden failure and the residual deformation mechanism in strip mining and filling mining to make up the research results in this paper.
